[1] The goal of this study is to quantify uptake of H 2 O and HNO 3 by and estimate their residence time on alumina particles in Athena-2 rocket plumes. This study uses in situ measurements made in the lower stratosphere with the NASA WB-57F high-altitude aircraft on 24 September 1999. Constraining the Atmospheric and Environmental Research, Inc. (AER), plume model with available measurements, we found that (1) H 2 O uptake coefficient for alumina particles is larger than 3 Â 10 À4 , (2) HNO 3 is produced via ClONO 2 + HCl ! Cl 2 + HNO 3 on alumina particles and resides on their surfaces for 5-52 min, and (3) alumina particles in the plume are covered by 100-200 monolayers of adsorbed H 2 O and 0.1-10 monolayers of HNO 3 under lower stratospheric conditions. These values are uncertain by at least a factor of 2. We speculate that the H 2 O coverage remaining on alumina particles accelerates the ClONO 2 + HCl ! Cl 2 + HNO 3 reaction, thus leading to a larger than previously thought global ozone loss to solid-fueled rocket emissions, especially if at least several percent of emitted alumina mass are in submicron particles. 
Introduction
[2] Launches of solid-fueled rockets cause a particular concern primarily because of emissions of chlorine and alumina particles directly into the stratosphere, thus depleting the ozone layer [Prather et al., 1990; Ko et al., 1994; Jackman et al. 1998; World Meteorological Organization (WMO), 1992] . Recent analysis of solid-fueled rocket plumes shows almost complete depletion of ozone locally [e.g., Ross et al., 2000] , however, global implications of such sharp local ozone reductions are predicted to be small [Danilin et al., 2001a] . On the other hand, the heterogeneous reaction (R1) on alumina particles:
with the reaction probability of g = 0.02 [Molina et al., 1997] does not play an important role in local ozone depletion [Danilin et al., 2001a] . However, it becomes important on the global scale by converting emitted and, more importantly, background HCl into short-lived Cl 2 resulting in ozone depletion that would correspond to an ozone depletion potential (ODP) of alumina particles larger than 0.2 depending on the location of emissions, size distribution of alumina particles, and the value of (R1) reaction probability [Danilin et al., 2001b] . Since the (R1) rate is quite different for pure [Molina et al., 1997] and covered by H 2 O ] alumina, we try to quantify the uptake of H 2 O and HNO 3 by rocket plume alumina particles using relevant measurements obtained during the Atmospheric Chemistry of Combustion Emissions Near the Tropopause (ACCENT) campaign. This mission sponsored by NASA and the US Air Force took place in 1999 -2000 and was designed to investigate the impact of rocket and aircraft emissions near the tropopause.
Results and Discussion

Measurements
[3] During the ACCENT campaign, emissions of four different rockets were sampled by the NASA WB-57F aircraft. We focused our study on the 24 September 1999 flight because the NOAA chemical ionization mass spectrometer (CIMS) and JPL laser hygrometer made simultaneous measurements of HNO 3 and H 2 O, respectively, in a rocket plume during this flight only. An Athena-2 was launched at 11.21 am PST on 24 September 1999 from Vandenberg Air Force Base in California. Figure 1 shows the location of the Athena-2 plume measurements. The WB-57F aircraft made six intercepts of the rocket plume with the first five samplings occurring near 70 hPa ($18.6 km) and the last intercept at 97 hPa ($16 km). Plume ages ranged from 3.7 to 36.2 min (see Table 1 ). The burning of 1 kg of Athena-2 solid rocket fuel resulted in 1.27 kg of exhaust with emission indices (EI) for the main products of 382, 300, 362, 217, and 2 g/kg(fuel) for CO 2 , H 2 O, alumina, chlorine (as HCl), and NO, respectively. In this study the following measurements are used: CO 2 , H 2 O [May, 1998] , NO y , HNO 3 , [Popp et al., 2002] , and particles [Schmid et al., 2002; Baumgardner et al., 1996] . Perturbations of relevant species and Al 2 O 3 particles in these plumes are given by Popp et al. [2002] and Schmid et al. [2002] . Fahey et al. [1995] showed that it is better to use plume-averaged values for a quantitative analysis, since different instruments have different sampling rate and plume composition is inhomogeneous. Below, we follow this methodology for comparison of plume-averaged values for each interception against our model calculations. Previous studies [Popp et al., 2002; Herman et al., 2001; Gates et al., 2002] revealed that nitric acid and water vapor must have condensed on particles in the Athena-2 plumes in order to explain their measurements. This finding is surprising, since for the reasonable plume dilution scenarios and ambient temperature of 208.1 and 200.2 K at 70 and 97 hPa, respectively, H 2 O and HNO 3 were not saturated with respect to ice or nitric acid trihydrate (NAT). Our paper extends their analysis by proposing mechanisms of the HNO 3 and H 2 O condensation onto alumina particles under those conditions and discusses implications of the results.
Model
[4] In order to address this issue, we apply the Atmospheric and Environmental Research, Inc. (AER), plume model [Danilin et al., 2001a] , which was initialized by the Aerospace model output (P. F. Zittel, personal communication, 2001 ) for the Athena-2 emissions along its 24 September 1999 trajectory with the fuel consumption rate of 14 and 15 g per vertical cm at 18.6 and 16 km, respectively. The plume dilution rate was constrained by the CO 2 measurements, since carbon dioxide is chemically inert and its emission index is well-known (EI(CO 2 ) = 382 g/ kg(fuel)). Since plume composition is spatially inhomogeneous and the distance from the plume centerline for each interception is unknown, we treat each plume event individually in our model. The model assumes a homogeneous distribution of species in the plume. Since we study linear processes here (such as uptake of HNO 3 and H 2 O which is linearly proportional to Al 2 O 3 SAD), it is reasonable to compare model results against plume-averaged measurements. Varying the initial plume cross section and its dilution rate, we match the plume width and CO 2 concentration at the time of measurements (see Figure 2a ). Since the shape of the plume sampled by the aircraft is unknown, for simplicity we assume that the plume is circular with diameters known from the measurements. This assumption may introduce additional uncertainty in our analysis. Mixing with ambient air was parameterized as given by Danilin et al. [2001a] and the values of ambient species used are the WB-57F measurements just outside the plumes.
[5] Our model starts calculations 5 s after exhaust when plume temperature approaches its ambient values and standard photochemical kinetics [Sander et al., 2000] is applicable. In this approach, we overlook important microphysical processes (like possible rapid H 2 O condensation onto and its evaporation from alumina particles ) in the near-field. To address this issue, model sensitivity studies were made (see section 2.5).
[6] The alumina particles in the plumes are treated as non-interactive spheres in 40 bins with diameters ranging from 0.78 nm to 6.4 mm. The shape of the Al 2 O 3 size distribution is obtained by combining aerosol instrument measurements by the nucleation-mode aerosol mass spectrometer (NMASS) and focused cavity aerosol spectrometer (FCAS) instruments [Schmid et al., 2002] for d 1.1 mm and from Multiple-Angle Aerosol Spectrometer Probe (MASP) data [Baumgardner et al., 1996] for particles with d > 1.1 mm, thus covering the range from 4 nm to 20 micron. Their initial distribution in our model is normalized in order to be consistent with the measurements at the time of plume intercepts (see Figure 2c ). Omission of possible coagulation of alumina particles is not important, since it does not affect micron-size particles (which determine the alumina surface area density (SAD) and thus are the most [7] Since the rocket near-field model calculations of NO are quite uncertain (P. F. Zittel, personal communication, 2001) , we chose initial concentration of NO in a such way that model NO y is consistent with the measured NO y at the time of plume intercepts (see Figure 2b ). Following this approach, we obtained EI(NO) shown in Table 1 and expressed in g(NO 2 )/kg(fuel). Our EI(NO) values are in good agreement with those reported by Popp et al. [2002] , who used a different approach analyzing the plume averaged values of CO 2 and NO y in order to derive EI(NO). The rocket combustion models predict that the initial partitioning of chlorine between Cl 2 and HCl should be 35% and 65% by mass, respectively [Zittel, 1994] . In our calculations we used ozone measurements [Richard et al., 2001 ] in order to determine this partitioning for each plume intercept. The derived Cl 2 fraction varied between 5 and 15%. Below we discuss uncertainties related to the initial chlorine partitioning.
HNO 3
[8] Nitric acid may appear on alumina particles via both heterogeneous reactions and kinetic uptake after collisions and leave via desorption. Thus, the temporal evolution of HNO 3 condensed onto particles ignoring plume dilution is described by
Here SAD is the surface area density of Al 2 O 3 particles, g = 0.02 [Molina et al., 1997] , a 1 is the uptake coefficient, v and v 1 are the mean thermal speeds of ClONO 2 and HNO 3 molecules, respectively, t 1 is the residence time of HNO 3 on alumina surface, superscripts g and c mean gas and condensed phases, respectively. Since the OH mixing ratio is about 0.01-0.1 pptv according to our model calculations minutes after exhaust, the gas phase production of HNO 3 via NO 2 + OH + M ! HNO 3 + M is several orders of magnitude smaller than that of (R1) and is omitted in equation (1). Contributions of N 2 O 5 and BrONO 2 hydrolysis to HNO 3 c are much smaller than those from (R1) in the plume and are neglected. These facts show that the (R1) reaction is a principal source of HNO 3 in the Athena-2 plume.
[9] We assume that the amount of HNO 3 condensed per unit of area should be the same for any particle size. This assumption determines partitioning of HNO 3 c among alumina particles. Equation (1) contains two unknown parameters, namely, t 1 and a 1 . While we can not determine them simultaneously, we can bracket the values of t 1 for the smallest (=0) and largest (=1) values of a 1 . Figures 2d-2e show the evolution of HNO 3 in gas and condensed phases in the plume for a 1 = 1.
[10] Comparing model calculations and measurements, one should keep in mind that: (1) the JPL laser hygrometer measures only gas-phase H 2 O and (2) the NOAA CIMS measures both the gas-phase and condensed HNO 3 . The HNO 3 instrument samples through a forward-facing subisokinetic inlet, which causes particles with diameter larger than 0.1 mm to be significantly enhanced in the sample flow. Thus, any condensed HNO 3 in the plume is enhanced by the factor EF(r) for particles with radius r. Thus, knowing the amount of HNO 3 g and HNO 3 c in our model, the apparent amount of HNO 3 app as seen by the CIMS is determined by
Here EF i and n i are the CIMS enhancement factor and the number of particles in the ith bin (shown in Figure 2c ), respectively. Figure 2f compares apparent values of nitric acid according to the measurements (black symbols) and model calculations (color lines). A good agreement between modeled and measured HNO 3 app values is not surprising, since we adjusted t 1 for obtaining agreement. The derived values of t 1 are shown in Table 1 , ranging from 17 to 52 min and from 5 to 12 min for the cases without and with direct uptake of HNO 3 vapor by alumina particles, respectively. The derived values of t 1 for plume 1 are an outlier and discarded in our conclusions.
H 2 O
[11] Since there is no photochemical production of H 2 O c in the plume, the evolution of H 2 O c is described by
Again, we have two unknowns (a 2 and t 2 ) and one equation (3). We performed several sensitivity studies by deriving a 2 for the t 2 values of 100, 200, 1000 s, and 1. The results are presented in Figure 3 . The minimum values of a 2 for infinite t 2 (i.e. without H 2 O desorption from alumina particles) are shown in Table 1 and are in the range of (2.7 -12.5) Â 10
À4
. Extrapolating our results up to a 2 = 1 using the derived slope of da 2 /d(1/t) = 2 s, one gets t 2 of 0.5 s. These t 2 values are of relevance for H 2 O uptake by liquid water in the stratosphere [Li et al., 2001] . Table 1 shows that our calculations predict about 0.5 to 1.0 ppmv of condensed H 2 O in the plume. This is in close agreement with the observations by Gates et al. 
Sensitivity Studies
[12] We investigate the sensitivity of the results given in Table 1 to the uncertainties of (1) particle measurements, (2) initial partitioning of chlorine species between Cl 2 and HCl, and (3) initial condensed H 2 O on alumina particles. Table 2 summarizes our findings assuming a 1 = 1 and t 2 = 1000 s for all calculations here.
[13] Alumina particle measurements in the plume by NMASS, FCASS, and MASP may have a total uncertainty of 100%, which affects the Al 2 O 3 SAD and consequently the derived values of a and t for H 2 O and HNO 3 . We made sensitivity calculations with increased and decreased alumina SAD by a factor of 2 and show our results for doubled alumina SAD in Table 2 (4th and 5th columns). The change in alumina SAD leads to a change of the (R1) reaction rate (which is a main source of HNO 3 c in the plume) and affects the partitioning of H 2 O and HNO 3 between condensed and gas phases. c and smaller values of t 1 and t 2 are required in order to explain the measurements. In the case of H 2 O, an increase (decrease) of SAD by a factor of two decreases (increases) the values of t 2 by the same factor (compare 3rd and 5th columns of Table 2 ). In the case of HNO 3 , its photochemical production is involved which complicates the dependence of t 1 on SAD. However, t 1 is also reduced by almost a factor of 2 for doubled alumina SAD (compare 2nd and 4th columns of Table 2 ). Similar conclusions are obtained from the model runs with alumina SAD reduced by a factor of 2 (not shown in Table 2 ).
[14] Near-field rocket combustion models [Zittel, 1994] predict that 35% by mass of emitted chlorine should be present as Cl 2 at 18 km in the Athena-2 plume. Since our plume calculations, constrained by the WB-57F measurements, show that only 5 -15% of chlorine is converted to Cl 2 in order to be consistent with the ozone measurements, we investigate how doubling of our initial Cl 2 affects the values of t 1 (the values of a 2 remain unchanged). Initial Cl 2 and t 1 are linked, since higher values of Cl 2 lead to larger values of ClO and ClONO 2 , thus accelerating the formation of HNO 3 and shortening t 1 . The 6th column of Table 2 shows that the link between initial partitioning of the emitted chlorine species and required residence time of HNO 3 on alumina particles is quite pronounced. However, one should keep in mind that this sensitivity test was a bit hypothetical, since the ozone values obtained in these calculations were considerably smaller than those measured by the WB-57F. Nevertheless, it is of interest to perform this sensitivity test since the discrepancy between our derived Cl 2 fraction and the fraction predicted by the rocket combustion models is larger than the expected uncertainties in the rocket combustion models. The source of this discrepancy is unclear but our results suggest that the combustion models may significantly overpredict the production of Cl 2 . In order to validate near-field and our far-field calculations of chlorine partitioning in the SRM exhaust, one should have simultaneous measurements of ClO and HCl. In situ HCl measurements may be also valuable for the study of HCl interactions with alumina particles in rocket plumes and with other aerosol in the background atmosphere.
[15] Near-field calculations also show a possibility for H 2 O condensation onto alumina particles during the first few seconds after exhaust. In order to address this possi- bility in our model calculations, which overlook plume processes during the first 5 s downstream, we performed additional model runs with the initial condensed phase H 2 O equals to 0.5 ppmv. Comparison of the 3rd and 7th columns of Table 2 shows the effect of initial H 2 O c on a 2 , which is larger for younger plumes and smaller for older plumes, hence showing that the initial conditions become less important with time. For example, for plume 6 the effect of initial condensed H 2 O leads to reduction of a 2 by only 10%. Since condensed water does not affect the reaction probability of (R1) in our calculations, the values of t 1 remain unchanged in this sensitivity test.
Implications
[16] What will happen with coverage of alumina particles under background conditions? To answer this question, we present 2-day-long model runs. Assuming s 2 = 10 À15 and s 1 = 2 Â 10 À15 cm 2 for the areas of one molecule of H 2 O and HNO 3 [Grassian, 2002] , respectively, and knowing the evolution of Al 2 O 3 SAD with time from our model calculations, we obtain the number of H 2 O (n 2 m ) and HNO 3 (n 1 m ) monolayers on alumina particles shown in Figure 4 . Our results indicate that hundreds of H 2 O and up to several HNO 3 monolayers may cover alumina particles in the Athena-2 plumes days after emission. These asymptotic values show the coverage of alumina particles under background conditions and may be confirmed by the following calculations. Assuming that dH 2 O c /dt = 0 under background conditions and using equation (3), one gets
which gives n 2 m = 148 monolayers for t 2 = 10 3 s, a 2 = 10 À3 , v 2 = 49400 cm/s, and H 2 O = 5 ppmv = 1.2 Â 10 13 #/cm 3 at 70 hPa. Using the same approach for HNO 3 , one gets
The values of n 1 m range from 0.3 (a 1 = 0) to 13 (a 1 = 1) monolayers of HNO 3 for typical values of ClONO 2 (=0.5 ppbv) and HNO 3 (=1.4 ppbv) and assuming t 1 of 1000 s and 300 s for a 1 = 0 and a 2 = 1, respectively. These values of n 1 m are consistent with those shown in Figure 4 . Assuming that surface properties of alumina particles are the same for all solid-fueled rockets, our results for n 1 m and n 2 m are valid for the Space Shuttle too, which is the main source of alumina in the global stratosphere.
[17] One also can obtain from equations (1) and (3) [Danilin et al., 2001b, Figure 5] at 18 km at 40°N.
Discussion
[18] The hydrophilic properties of the Athena-2 exhaust show that there are three stages in the evolution of alumina particles. First, the fresh alumina particles become covered very quickly primarily by H 2 O during the first minute after emission. Initial uptake coefficients of H 2 O and HNO 3 are of the order of 10 À4 -10 À3 [Grassian, 2002] and the reaction probability for (R1) is equal to 0.02 [Molina et al., 1997] . Second, alumina particles are covered by several hundred monolayers of H 2 O containing small amounts of HNO 3 and, likely, other soluble acids (H 2 SO 4 , HCl) [Van Doren et al., 1990; Robinson et al., 1998 ]. Within minutes after exhaust the alumina particles should behave like mildly acidic water droplets with a 2 and g of an order of 0.1-1 [Li et al., 2001; Shi et al., 2001] . Third, hours after emission, when H 2 O in the plume relaxes to its ambient values, the fate of liquid coverage strongly depends on ambient conditions. For example, if the vapor pressure of H 2 O on alumina particles exceeds the ambient H 2 O partial pressure, H 2 O may evaporate changing g from 0.1-1 to 0.02.
[19] Perhaps, the most surprising results of the Athena-2 plume measurements is a persistence of condensed H 2 O and HNO 3 on alumina particles under temperature conditions that are considerably higher than the NAT or ice thresholds. While the evaporation of H 2 O from alumina particles may be decreased by the presence of HNO 3 c [e.g., Warshawsky et al., 1999] , it is not clear whether this is enough to explain the measurements. The calculations here represent constant values of temperature and pressure (208.1 K at 70 hPa and 200.2 K at 97 hPa) and are valid in the lower stratosphere only. Since a dependence of g, a 1 , a 2 , t 1 , and t 2 on number of H 2 O and HNO 3 monolayers on alumina particles is unknown, our calculations assume constant values of these parameters. Further laboratory measurements are required to infer these dependences, incorporate them in a model, and check our results.
[20] An additional caveat is that the properties of the emitted alumina particles may differ from those used in laboratory studies. For example, current laboratory data are available for hexagonal a-Al 2 O 3 [e.g., Molina et al., 1997] and it is not obvious that they are valid for cubic g-Al 2 O 3 , which may be formed in solid-fueled rocket exhaust and is a more reactive form of alumina [Dai et al., 1997] .
[21] Our analysis also shows that small particles (i.e., d < 0.7 mm) account for almost 2% of emitted alumina mass based on the size distribution measured by the NMASS, FCAS, and MASP instruments. It is very important to know the fraction of alumina mass in submicron range [Danilin et al., 2001b] , since these small particles have a long residence time in the stratosphere and are available longer for background chlorine activation via (R1) on their surface, thus affecting ozone. Assuming that Space Shuttle and Titan-IV rockets have the same size distribution of alumina particles as Athena-2 and applying results from the global model [Danilin et al., 2001b, Table 2 ], the ozone depletion potential (ODP) of alumina emitted by these rockets could be as large as 0.1 for g = 0.02. Our study shows that alumina particles may be covered by water and nitric acid, raising the possibility that the (R1) reaction probability g is larger than 0.02 under background conditions. If so, the estimated ODP of alumina particles may exceed the value of 0.2. Further laboratory and field measurements are required in order to better quantify alumina particle effects on the ozone layer.
Summary
[22] Athena-2 rocket plume measurements during the ACCENT campaign show that H 2 O and HNO 3 are condensed onto alumina particles. Quantifying their uptake using the AER plume model constrained by all relevant measurements, we found that (1) the H 2 O uptake coefficient is larger than 3 Â 10 À4 , (2) HNO 3 molecules reside for 5 -52 min on Al 2 O 3 surfaces, and (3) alumina particles in the background atmosphere may be covered by 100 -200 monolayers of H 2 O and 0.1 -10 monolayers of HNO 3 . These values are uncertain by at least a factor of two and require additional laboratory studies. Once the interactions of alumina particles with H 2 O, HNO 3 , and other acids are understood based on laboratory studies and field measurements, new model calculations should be made in order to estimate effects of alumina particles on the atmosphere.
